Abstract We evaluated dry reforming of methane in a tubular fixed-bed reactor at various reaction temperatures from 923 to 973 K using different reactant compositions over 10 % Ni/Al 2 O 3 catalyst prepared by a wet impregnation method. Both NiO and NiAl 2 O 4 phases were formed on the catalyst surface during calcination, and the 10 % Ni/Al 2 O 3 catalyst possessed high surface area of 106.36 m 2 g -1 with fine metal dispersion. The low activation energy observed for formation of NiAl 2 O 4 phase during calcination indicated strong interaction between the NiO form and the c-Al 2 O 3 support. The NiO phase was completely reduced to metallic Ni 0 form via H 2 reduction. The conversions of CO 2 and CH 4 increased noticeably with increasing CO 2 partial pressure, and the H 2 /CO ratio was always below unity, regardless of reaction conditions. The yield of H 2 was enhanced with growing CO 2 partial pressure, approaching a highest value of about 70 %. The heterogeneous nature of the deposited carbon was evident from the coexistence of carbon nanofibers and graphitic carbon. In addition, the amount of filamentous carbon appeared to be slightly less than that of graphitic carbon. However, these deposited carbons were completely removed by O 2 at below 900 K during temperature-programmed oxidation.
Introduction
Rising greenhouse-gas emissions due to substantial dependence on petroleum-based energy have revived interest in exploring alternative and sustainable energy sources as substitutes for fossil fuels. Hydrogen has appeared as an alluring and economically viable energy carrier among other environmentally friendly energies, namely solar, wind, and biomass [1, 2] , owing to its higher energy capacity of about 120.7 kJ g -1 [3] and zero emissions during H 2 combustion, with water being the only byproduct [1] . Hydrogen can be used in a fuel cell for electricity generation and is also widely employed as a raw material in the chemical industry, including food processing, pharmaceutical industry, and Fischer-Tropsch synthesis (FTS) for synthetic fuel production [4] .
The conventional method for hydrogen generation is steam reforming of methane [5, 6] . However, this process adversely results in a significant amount of CO 2 emission and generates syngas (a mixture of H 2 and CO) with H 2 /CO ratio [3, which is undesirable for FTS [6, 7] . Hence, methane dry reforming (MDR) has been considered a promising approach for syngas production, since it utilizes CO 2 , a greenhouse gas, as a reactant and produces syngas with low H 2 /CO ratio as favored for downstream Fischer-Tropsch synthesis [8] . Although noble metals have been used as catalysts for MDR reaction due to their high catalytic activity, selectivity, and carbon resistance [6, 8, 9] , these precious metals are inappropriate for use on industrial scale due to their high price and low availability [6] . Ni-based catalysts supported on different supports, namely TiO 2 [10] , MgO [11] , ZiO 2 [12] , and SiO 2 [13] , have been widely investigated for MDR due to their relatively low cost and superior catalytic performance. However, Ni-based catalysts reportedly suffer from carbon deposition via CH 4 decomposition and CO disproportionation [6, 14] . It is essential to understand the type of carbon deposited and its effect on the catalytic performance of such Ni catalysts. Hence, the objectives of this research were to investigate the physicochemical attributes of 10 % Ni/Al 2 O 3 catalyst and study the influence of both reaction temperature and feed composition on its activity and selectivity in MDR reaction.
Experimental Catalyst synthesis
Alumina-supported 10 wt.% Ni catalyst was prepared using a wetness impregnation method. An accurately measured amount of Ni(NO 3 ) 2 Á6H 2 O was dissolved in 10 ml deionized and distilled water. This aqueous precursor solution was subsequently mixed carefully with a calculated quantity of c-Al 2 O 3 support previously heated at 973 K in air for 5 h to guarantee thermal stability. The resulting slurry was stirred at constant agitation speed for 3 h at ambient temperature, followed by drying overnight at 373 K in an oven for water removal. The dried solid sample was further calcined in air at 773 K for 5 h to produce 10 % Ni/Al 2 O 3 catalyst.
Catalyst characterization
The Brunauer-Emmett-Teller (BET) surface area of both the c-Al 2 O 3 support and 10 % Ni/Al 2 O 3 catalyst was measured based on N 2 physisorption data obtained at 77 K using a Thermo Scientific Surfer unit, whilst the crystal structures were examined using a Rigaku Miniflex II X-ray powder diffraction (XRD) system using copper radiation with wavelength (k) of 1.5418 Å at 30 kV and 15 mA. Diffraction peaks were recorded in the 2h range between 3°and 80°using slow scan speed of 1°min -1 and small step size of 0.02°. Temperature-programmed calcination (TPC) and temperature-programmed oxidation (TPO) runs were carried out for both uncalcined and spent 10 % Ni/Al 2 O 3 catalysts on a TGA Q500 unit from TA Instruments using a similar method. Sample was initially heated at 373 K for 30 min in N 2 flow (100 ml min -1 ) for complete removal of moisture and associated volatile compounds. The temperature was subsequently increased up to 1023 K in flowing 20 % O 2 /N 2 mixture of 100 ml min -1 at different heating rates of 10-20 K min -1 and maintained constant for 30 min before cooling down to ambient temperature in the same gas mixture. H 2 temperature-programmed reduction (H 2 -TPR) was conducted on a PerkinElmer Pyris 1 TGA system. After a similar pretreatment step at 373 K for 30 min in inert gas, specimen was reduced in 20 ml min -1 of 20 % H 2 /N 2 from 373 to 1023 K with a heating rate of 10 K min -1 . Prior to cooling down to room temperature in N 2 flow, sample was also held at this temperature for 30 min to guarantee complete reduction.
The crystalline morphology and bulk composition of fresh catalyst were examined using a JEOL JSM-7800F apparatus for field-emission scanning electron microscopy (FESEM) and energy-dispersive X-ray spectroscopy (EDX) measurements, respectively, whereas scanning electron microscopy (SEM) measurements were carried out on spent catalyst using a Carl Zeiss AG -EVO Ò 50 Series unit to investigate the carbonaceous deposit on the catalyst surface. Raman spectroscopy measurements on used catalyst were also performed on a JASCO NRS-3100 system in ambient air using a 532-nm green laser with power \5 mW.
Methane dry reforming reaction
MDR evaluation was carried out at various reaction temperatures from 923 to 973 K and atmospheric pressure. Approximately 0.1 g catalyst with average particle size between 100 and 140 lm was mounted using quartz wool in the middle of a stainless-steel fixed-bed reactor (ca. L = 17 inches and O.D. = 3/8 inches). Catalytic reduction was carried out by purging using 60 ml min -1 of 50 % H 2 /N 2 mixture at 973 K for 2 h prior to each MDR run. Reactant flow rates were regulated accurately using Alicat mass flow controllers, and the CO 2 :CH 4 ratio was altered from 1:1 to 3:1. A gas hourly space velocity (GHSV) of 36 l g cat -1 h -1 was employed Syngas production from methane dry reforming over Ni/Al 2 O 3 … 271 for all runs to minimize both internal and external transport resistances. The gaseous products from the outlet of the tubular fixed-bed reactor were analyzed using an Agilent 6890 Series gas chromatograph (GC) with both thermal conductivity detector (TCD) and flame ionization detector (FID). The catalytic performance for the MDR reaction was evaluated based on reactant conversion, X i (with i being CH 4 or CO 2 ), consumption rate (-r i ), production rate (r j with j being H 2 or CO), product yield, Y j , and product selectivity, S j . These key performance indexes were estimated using Eqs. (1-6) as follows:
where F In and F Out are the corresponding inlet and outlet molar flow rates (mol s -1 ) while W Cat. is the catalyst weight (g) per run.
Results and discussion

Physicochemical properties
The textural properties of both the c-Al 2 O 3 support and 10 % Ni/Al 2 O 3 catalyst are summarized in Table 1 . It is evident that the 10 % Ni/Al 2 O 3 catalyst possessed inferior BET surface area and cumulative pore volume compared with the c-Al 2 O 3 support. The pronounced reduction in the surface area of the catalyst after the impregnation and calcination steps in comparison with the pure c-Al 2 O 3 support was unavoidable due to pore blockage associated with the presence of Ni oxide on the support surface. However, as seen in Table 1 , the average pore diameter of the catalyst was greater than that of the c-Al 2 O 3 support, suggesting a reduction in the number of pores for the catalyst. Figure 1 shows the X-ray diffractogram of the 10 % Ni/Al 2 O 3 catalyst. XRD measurements were also conducted on the Al 2 O 3 support for comparison with the calcined catalyst and to facilitate interpretation of diffraction peaks. The Joint Committee on Powder Diffraction Standards (JCPDS) database was used for analysis of all XRD patterns [15] . As seen from the XRD patterns of the two specimens, the discrete peaks with high intensity located at 2h of 19.5°, 32.3°, 36.8°, 44.8°, 63.1°, and 65.7°correspond to c-Al 2 O 3 phase, whilst the NiO form was also detected on the catalyst surface (Fig. 1a) at 2h = 37.3°, 44.1°, and 63.1°, being rationally obtained from decomposition of the Ni(NO 3 ) 2 metal precursor according to Eq. (7).
Formation of NiAl 2 O 4 phase [Eq. (8)] was also evidenced at 36.8°, 44.8°, and 65.7°, suggesting strong interaction between the active metal oxide and support employed.
The crystallite size of the c-Al 2 O 3 and NiO phases was estimated using the Scherrer Eq. (9) [16] as about 8.42 and 7.32 nm, respectively. Interestingly, the crystallite dimension of NiO was comparable to that of the c-Al 2 O 3 support and below 10 nm, indicating fine metal dispersion on the support surface, consistent with the high BET surface area value of 106.36 m 2 g -1 .
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with d p being the crystallite dimension whilst k, B, and h are the corresponding wavelength, peak width, and Bragg angle. The derivative weight profiles obtained during TPC runs of the 10 % Ni/Al 2 O 3 catalyst at various ramping rates are shown in Fig. 2 . Regardless of the ramping rate, two main peaks were detected at about 500 K (P1) and 590 K (P2), indicative of NiO formation from Ni(NO 3 ) 2 decomposition and production of NiAl 2 O 4 phase reasonably due to the strong metal-support interaction, respectively, whilst the lowintensity peaks located at 420-450 K correspond to water and volatile compound evaporation. Interestingly, the TPC results are in agreement with the XRD measurements in Fig. 1 . In addition, as seen in Fig. 2 , there were no detectable peaks beyond 700 K for all heating rates, suggesting that the catalyst decomposed completely to metal oxide and metal aluminate during TPC.
As seen in Fig. 3 , a linear relationship between peak temperature and heating rate was evident for both peaks P1 and P2, and the peak temperature shifted to higher temperature with increasing heating rate. Thus, the activation energy, E a (kJ mol -1 ), and associated preexponential factor, A (s -1 ), for production of NiO and NiAl 2 O 4 phases during calcination may be estimated via the Kissinger equation [17] ,
where b, T p , and R are the heating rate, peak temperature, and universal gas constant, respectively. Linear regression was conducted, and TPC data exhibited a good fit to Eq. (10) as seen in Fig. 4 Derivative weight (mg min Heating rate ( K min Figure 5 shows the temperature-programmed reduction of 10 % Ni/Al 2 O 3 catalyst with 20 % H 2 /N 2 . Two discrete peaks, P1 and P2, were observed at reduction temperature of about 640 and 780 K, respectively. Oemar et al. [18] reported that reduction of NiO species is dependent on the intensity of the metalsupport interaction. Hence, the low-temperature peak (P1) was assigned to reduction of NiO particles on the catalyst surface with weak metal-support interaction for the metallic Ni 0 phase [5, 19, 20] , whilst the second peak (P2) at higher temperature was ascribed to the reducibility of NiO species located in the bulk of the c-Al 2 O 3 support with medium-strength interaction [18] . Additionally, reduction of spinel NiAl 2 O 4 phase was not detected (Fig. 5) , since it possesses strong metal-support interaction and high thermal stability. In fact, Pompeo et al. [21] found that spinel NiAl 2 O 4 species were only reduced at high temperature, above 1073 K.
FESEM images and EDX measurements for the 10 % Ni/Al 2 O 3 catalyst are shown in Figs. 6 and 7, respectively. As seen in Fig. 6b , NiO particles with small size were dispersed on the surface of the c-Al 2 O 3 support. This would result in the strong interaction of the Ni oxide and support employed, hence facilitating formation of metal aluminate phase as seen in the XRD results (Fig. 1) . The average elemental composition of the 10 % Ni/Al 2 O 3 catalyst as obtained by EDX analysis was about 50.01, 39.89, and 10.10 % for O, Al, and Ni, respectively.
Catalytic performance for MDR reaction
Kinetic study of the 10 % Ni/Al 2 O 3 catalyst for MDR reaction was carried out at various reaction temperatures from 923 to 973 K at CO 2 :CH 4 = 1:1 to 3:1. Figure 8 shows the effect of the time-on-stream on the CH 4 and CO 2 conversions at 973 K and CO 2 :CH 4 = 1:1. Both X CH 4 and X CO 2 appeared to be stable with time-onstream, and the CO 2 conversion was greater than the CH 4 conversion by about 20 %, in agreement with other studies [22] . The superior CO 2 conversion is most likely due to the presence of parallel reverse water-gas shift reaction and/or reverse Boudouard reaction, as seen in Eqs. (11) and (12), respectively.
The influence of the feed composition on the reactant conversion and reaction rate is shown in Fig. 9 . It is evident that both the CH 4 and CO 2 conversions increased significantly, by up to 13 and 22 %, respectively, with growing CO 2 partial pressure, P CO 2 . Similar behavior was also observed for the reactant consumption rates (Fig. 9b) . The enhancement of the catalytic activity with rising CO 2 partial pressure could reasonably be due to CO 2 gasification of carbonaceous deposit formed by CH 4 decomposition on the catalyst surface under a CO 2 -excess environment. In fact, Foo et al. [20] also proposed a mechanistic pathway for MDR reaction via two main steps including CH 4 dehydrogenation and CO 2 gasification, as given in Eqs. (13) and (14), respectively.
with C x H 1-x being carbonaceous deposit (x B 1). As seen in Fig. 10 , irrespective of the CO 2 :CH 4 ratio, the formation rates of H 2 and CO improved with increasing CO 2 :CH 4 ratio and r H 2 was always lower than r CO . The H 2 /CO ratio of less than unity for various feed compositions (Fig. 11 ) could rationally be due to the concomitant reverse water-gas shift reaction [Eq. (11)] during MDR reaction [8] . The stoichiometrically excess CO 2 would enhance the rate of reverse water-gas shift reaction, hence resulting in reduction of the H 2 /CO ratio. However, as seen in Fig. 11 , the inverse behavior for the H 2 /CO ratio was observed with growing CO 2 :CH 4 ratio, suggesting that the methane dehydrogenation reaction (cf. Fig. 13 ) was predominant and contributed to improvement of the H 2 /CO ratio. In fact, the H 2 yield also increased from 55 to about 70 % under CO 2 -rich environment, as seen in Fig. 12, further Figures 13 and 14 show the effect of reaction temperature on product selectivity and yield, respectively. It is evident that the selectivity and yield of both products H 2 and CO seemed to be stable with time-on-stream for all reaction temperatures. The H 2 selectivity and yield (Figs. 13a, 14a , respectively) decreased with reaction temperature, whilst a considerable increase in CO yield from 37 to 45 % was obtained on increasing the temperature from 923 to 973 K, as seen in Fig. 14b . Notably, the CO selectivity also experienced a significant enhancement with reaction temperature (Fig. 13b) . These observations can be ascribed to improvement of the reverse water-gas shift reaction, which is thermodynamically favored at high temperature [6, 8] . Interestingly, although the H 2 /CO ratio was below unity regardless of the reaction temperature, the H 2 /CO ratio increased pronouncedly with both the CO 2 partial pressure and temperature, as seen in Fig. 15 .
Postreaction characterization
Raman spectroscopy measurements were conducted on a representative spent 10 % Ni/Al 2 O 3 catalyst after catalytic evaluation at 973 K and CO 2 :CH 4 = 1:1 to study the type of carbonaceous deposition on the catalyst surface during MDR. Figure 16 shows two typical peaks with analogous intensity located at high Raman band positions of 1379.7 and 1593.2 cm -1 , belonging to D-and G-bands, respectively [23, 24] . The D-band is formed owing to sp 3 bonding defects of amorphous carbon or filaments of carbon deposited on the catalyst surface, whilst the G-band is associated with stretching mode of sp 2 bonds of carbon, indicative of the appearance of structured, viz. graphitic, carbon [23] [24] [25] . The coexistence of both D and G bands indicates a heterogeneous character of the carbonaceous deposition on the catalyst surface after MDR, including filamentous and graphitic carbons. However, the E g (370 cm -1 ), T 2g (310, 419, and 595 cm -1 ), and A 1g (795 cm -1 ) Raman-active modes belonging to NiO and NiAl 2 O 4 phases [22, 26] were not detectable for the spent 10 % Ni/Al 2 O 3 catalyst, possibly due to deposited carbon covering the catalyst surface. In fact, SEM micrographs of spent catalyst illustrated the presence of both carbon nanofibers (rectangle) and graphite (circle) deposited on the catalyst surface (Fig. 17) .
As seen in Table 3 , the ratio of the integrated areas of the D to G bands, I D /I G , was about 0.91, indicating that the proportion of filamentous carbon was slightly lower than that of crystalline carbon. Additionally, the percentage of amorphous carbon (C D ) in the total deposited carbon was computed from Eq. (15) 
and
where E l is the laser excitation energy (E l = 2.54 eV). The L a value for the spent catalyst was about two times higher than the crystallite size of fresh catalyst as estimated from the Scherrer equation, indicating that Ni particles were sintered or aggregated during the methane dry reforming reaction due to the high reaction temperature and carbonaceous deposition (Table 3) . Temperature-programmed oxidation measurements were also carried out on spent 10 % Ni/Al 2 O 3 catalyst obtained after MDR at 973 K and CO 2 :CH 4 = 1:1 to quantify the amount of total carbon deposition. The derivative weight profile for the TPO measurements (Fig. 18) shows low-intensity peaks in the low temperature range of 380-450 K due to gasification of surface carbide (C a ) or CH x fragments [28, 29] . The oxidation temperature of deposited carbon as revealed by TPO analysis is reported to be associated with not only the carbonaceous type but also its location on the catalyst surface [22, 30] . As seen in Fig. 18 , based on the type of deposited carbon, the peak with greatest intensity located at 525 K corresponds to oxidation of carbon nanofilaments, whilst the low-intensity peak at about 750 K corresponds to gasification of graphitic carbon [28] . However, the height of the characteristic peak for filamentous carbon was greater than that for graphitic carbon, in disagreement with the aforementioned Raman analysis on spent catalyst in Syngas production from methane dry reforming over Ni/Al 2 O 3 … 283 Fig. 16 . This would suggest that the crystalline carbon located on the catalyst surface was simultaneously removed with filamentous carbon at the same temperature of 525 K whilst the graphitic carbon inside the porous structure of the support was more resistant to temperature and oxidized at higher temperature of 750 K. The weight change profile during TPO of spent catalyst is also shown in Fig. 19 . The initial weight loss at 373 K was associated with residual moisture evaporation, and sample weight seemed to be unchanged beyond 900 K, suggesting that the deposited carbon was completely removed from the catalyst surface and the Intensity (a.u.) percentage of carbonaceous deposition was about 6.27 %. Hence, the rate of formation of deposited carbon during MDR was estimated to be about 2.61 9 10 -5 g carbon g cat. conversions improved with increasing CO 2 /CH 4 ratio, the CO 2 conversion was superior to the CH 4 conversion, being reasonably due to the parallel reverse watergas shift reaction. However, the enhancement of the H 2 /CO ratio with the ratio of CO 2 to CH 4 was ascribed to the predominant contribution of CH 4 dehydrogenation reaction. Interestingly, irrespective of the reaction conditions employed, the H 2 /CO ratio was below the value of unity preferred for Fischer-Tropsch synthesis. The yield of H 2 increased with rising CO 2 partial pressure, with a highest H 2 yield of about 70 % being obtained. The selectivity and yield of syngas appeared to be stable with time-on-stream over the temperature range of 923-973 K. SEM and Raman analyses indicated the heterogeneous character of the deposited carbon, including filamentous and graphitic carbons, on the catalyst surface. However, the percentage for carbon filaments was slightly inferior to the amount of graphitic carbon.
